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Abstract 8 
Drying is very energy intensive process and consumes about 20-25% of the energy 9 
used by food processing industry. The energy efficiency of the process and quality of 10 
dried product are two key factors in food drying. Global energy crisis and demand for 11 
quality dried food further challenge researchers to explore innovative techniques in 12 
food drying to address these issues. Intermittent drying is considered one of the 13 
promising solutions for improving energy efficiency and product quality without 14 
increasing the capital cost of the drier. Intermittent drying has already received much 15 
attention. However, a comprehensive review of recent progresses and overall 16 
assessment  of energy efficiency and product quality in intermittent drying is lacking. 17 
The objective of this article is to discuss, analyze and evaluate the recent advances in 18 
intermittent drying research with energy efficiency and product quality as standpoint. 19 
Current available modelling techniques for intermittent drying are reviewed and their 20 
merits and demerits are analyzed. Moreover, intermittent application of ultrasound, 21 
infrared and microwave in combined drying technology have been reviewed and 22 
discussed. In this review article the gaps in the current literature are highlighted, some 23 
important future scopes for theoretical and experimental studies are identified and the 24 
direction of further research is suggested. 25 
Keywords: energy, quality, modelling, microwave, ultrasound 26 
1. Introduction 27 
Drying  of foodstuffs is an important and the widely used method of food processing 28 
(Koyuncu et al., 2007).  Due to the lack of proper and timely processing, approximately 29 
one third of the global food production is lost annually (Gustavsson et al., 2011). This 30 
loss is even more in the developing countries like Bangladesh, where 30-40% of fruits 31 
and vegetables are wasted (Karim and Hawlader, 2005a, 2005b). Several techniques 32 
have been practiced to reduce food losses and increase shelf life. Among those 33 
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techniques, drying is one of the oldest, simple and extensively used methods of 34 
preserving food.  35 
 Drying, however, is probably the most energy intensive  process of the major 36 
industrial process  (Kudra, 2004) and accounts for up to 15% of all industrial energy 37 
usage (Chua et al., 2001a). In an energy intensive industry like heating or drying, 38 
improving energy efficiency by 1% could result as much as 10% increase in profit 39 
(Beedie, 1995). Therefore, any small improvement in energy efficiency in food drying 40 
process will lead to a sustainable development to global energy perspective. A 41 
considerable amount of research works in improvement of energy efficiency in food 42 
drying has been conducted.  43 
Intermittent drying has been considered as one of the most energy efficient drying 44 
processes (Chua et al., 2002b; Chua et al., 2003; Kowalski and Pawłowski, 2011a). 45 
Intermittent drying is a drying method where drying conditions are changed with time. 46 
It can be achieved by varying drying air temperature, humidity, pressure or even mode 47 
of heat input. More details about intermittent drying can be found in section 2. Energy 48 
analysis in intermittent drying of yerba mate(Ramallo et al., 2010), squash slice (Pan et 49 
al., 1998), grain (Jumah, 1995) , kaolin (Kowalski and Pawlowski, 2011b; Kowalski and 50 
Pawłowski, 2011a) and ganoderma tsugae (Chin and Law, 2010) demonstrated that 51 
intermittent drying is more energy efficient than continuous drying. Various strategies 52 
of intermittency in energy input including on-off (Chin and Law, 2010), step-up and 53 
step-down (Chua et al., 2002a), square (Chua et al., 2000a; Ho et al., 2002), saw toothed 54 
and sinusoidal (Ho et al., 2002) and cosine (Chua et al., 2000a) temperature variation 55 
have been applied. These intermittent processes generally showed improvement of 56 
energy efficiency when compared with continuous drying.  57 
Quality of dried food is another important issue in food drying. Drying causes 58 
changes in the food properties including discoloring, aroma loss, textural changes, 59 
nutritive value, and changes in physical appearance and shape (Quirijns, 2006). 60 
Condition of drying air has a great effect on quality attributes of dried product. Higher 61 
drying temperature reduces the drying time but may result in poor product quality, heat 62 
damage to the surface and higher energy consumption (Ho et al., 2002). On the other 63 
hand, mild drying conditions with lower temperature may improve the product quality 64 
but decrease the drying rate thus drying period is lengthened. Intermittent drying is one 65 
of the technical solutions to this  because it reduces effective drying time and improve 66 
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quality of the product (Kowalski and Pawłowski, 2011a). Changes in different quality 67 
attributes during intermittent drying of apple (Zhu et al., 2010), yerba mate (Ramallo et 68 
al., 2010), ganoderma tsugae (Chin and Law, 2010), rice (Aquerreta et al., 2007), 69 
bananas (Chua et al., 2001a, 2001b; Nishiyama et al., 2006), guava (Chua et al., 2002b; 70 
Ho et al., 2002), potato (Chua et al., 2000b), squash slices (Pan et al., 1998) wood and 71 
ceramics (Kowalski and Pawlowski, 2011b; Kowalski and PawŁowski, 2011, 2011a) 72 
have been reported in the literature.  73 
Although studies on intermittent drying processes generally reported improvement 74 
in energy efficiency and quality attributes when compared with continuous drying, no 75 
critical analysis of these processes and exact comparison of the amount of energy 76 
savings and quality improvement have been reported in the literature. A structured 77 
critical review is essential for analyzing and evaluating the findings. The objectives of 78 
this paper are to discuss, analyze and evaluate the recent advances in intermittent food 79 
drying with energy and quality as standpoints. Different types of intermittent drying 80 
processe used and energy efficiency and quality improvements reported in the 81 
literature are critically reviewed, compared and analysed. Available models of 82 
intermittent drying are also critically reviewed. Finally, a review on intermittent use of 83 
alternative energy sources such as microwave and untrasound is presented and 84 
discussed in terms of energy efficiency and product quality. Limitations and research 85 
gaps found in the literature are identified and direction of further research on this 86 
drying method has been recommended.  87 
2. Intermittent drying  88 
Intermittent drying can be accomplished by controlling the supply of thermal energy, 89 
which can be achieved by varying the airflow rate, air temperature, humidity, or 90 
operating pressure. One can also vary the mode of energy input (e.g., convection, 91 
conduction, radiation, or microwave) to achieve intermittency. The same amount of 92 
energy supply throughout the drying process result in quality degradation and heat 93 
damage to the surface (Zeki, 2009) and wastage of heat energy. This is because in the 94 
later stage of drying, the drying rate decreases as samples do not contain sufficient 95 
moisture to be removed. The surface of samples becomes dry towards the later stages of 96 
drying and constant use of high temperature air causes quality degradation and damage 97 
to the surface. The strategy of using intermittency allows time to transfer the moisture 98 
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from the center to the surface of the sample during tempering period. Therefore, the 99 
quality degradation and heat damage can be minimized by applying intermittent drying.  100 
As mentioned earlier, intermittency can be achieved in many ways. A simplified 101 
classification of the types of intermittency based on literature review is outlined in 102 
Figure 1. In this figure, the upper part shows variables that can be changed and lower 103 
part shows different modes of applying these variables in achieving different forms of 104 
intermittency. The most common form of intermittent drying that studied by previous 105 
researchers are the intermittency achieved by changing drying air conditions (Chin and 106 
Law, 2010; Chua et al., 2002a; Chua et al., 2000a; Ho et al., 2002). In recent years, 107 
intermittency of heat input in combined drying methods e.g., use of microwave, 108 
radiofrequency (Ahrné et al., 2007; Botha et al., 2012; Esturk, 2012; Esturk et al., 2011; 109 
Soysal et al., 2009b) and ultrasound (Schössler et al., 2012) together with convective 110 
heat have been applied.  111 
 112 
 113 
 114 
 115 
 116 
 117 
 118 
 119 
 120 
 121 
 122 
 123 
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 125 
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Fig. 1.  A general classification scheme for intermittent drying 127 
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Different types of intermittency affects product quality and energy efficiency in their 128 
own way. Therefore, the intermittency should not be chosen arbitrarily, rather it has to 129 
be selected based on the physics involved in the drying method. Otherwise, expected  130 
optimum energy efficiency and product quality improvement will remain unattainable. 131 
Intermittency should be selected based on heat and mass transfer involved in the 132 
particular drying process and material properties of the product to be dried. The recent 133 
research on different intermittency and its effect on energy efficiency and quality 134 
parameters are discussed in the following sections.  135 
3. Energy aspect in intermittent drying  136 
Intermittent drying decreases the effective drying time and drying air utilization thus 137 
it reduces energy consumption (Putranto et al., 2011). Reduction in energy 138 
consumption by intermittent drying in different intermittency strategies have been 139 
reported in several studies. The most common type of intermittency investigated so far 140 
is on/off strategy, where heat source is periodically turned on and turned off. A 141 
comparison of energy savings by on/off intermittency reported by researchers is 142 
presented  in  Table 1 . In order to facilitate proper comparison, the authors have 143 
transformed the energy savings in a common term. In this paper, intermittency ratio, α 144 
is defined as the ratio of tempering time (off time) to total drying time, i.e., α = τoff /( τon+ 145 
τoff) where τon and τoff  are the on and off period of each cycle, respectively. So, α=0 146 
refers to continuous drying and higher intermittency (α) refers higher tempering 147 
period. Jumah (1995) investigated the energy saving applying different intermittency 148 
(α) in grain drying in a novel rotating jet spouted bed. This investigation provided a 149 
reliable estimastion of energy savings as it used same drying conditions and drying 150 
period for all intermittencies investigated. The most notable finding of this study was 151 
that the higher the intermittency (higher tempering period) the higher energy savings. 152 
For example, energy savings were 19%, 23% and 30% for tempering periods 10 mins 153 
(α=0.33), 20 mins (α=0.50) and 40 mins (α=0.67) respectively. The maximum energy 154 
saving of 37% was attained for 60mins tempering periods (α=0.75) in their study. 155 
Increasing intermittency, α,  beyond  0.75 would increase the energy savings but total 156 
total drying time would be significantly longer. Longer total drying time may not be 157 
suitable to some products. Longer tempering period may also cause rehydration and 158 
quality degradation. Therefore, the value of intermittency should be carefully selected 159 
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in order to get optimum energy savings. Similar trends of energy saving with 160 
intermittency was obtained by Chin and Law (2010) and Yang et al. (2013).  Chin and 161 
Law (2010) studied the effect of intermittency on quality and drying kinetics of 162 
Ganoderma tsugae. Compiled data from Chin and Law’s (2010) study, as presented in 163 
Table 1, demonstrates the impact of drying air temperature for same intermittency.  It 164 
was observed that, for the same intermittency (e.g. α=0. 33) energy saving was 165 
increased from 14 to 21% as drying air temperature was increased from 28.40C to 166 
40.60C.  167 
Table1 168 
Energy savings by intermittent drying for different intermittency (α)  169 
Reference Drying 
Period 
τon, (min) 
Intermittency 
α  
Energy saving 
over 
continuous  
drying (%) 
Drying 
air temp 
and final 
moisture 
content 
Product 
(Jumah, 
1995) 
Continuous 0 - 80oC 
13%db 
 
Grain 
20 0.33 19 
20 0.50 23 
20 0.67 
 
30 
20 0.75 
 
37 
(Pan et al., 
1998) 
40 0.88 36 1000C 
14.7%db 
Squash slice 
(Yang et 
al., 2013) 
Continuous 0 - 400C 
6%db 
Chinese 
cabbage 
400 0.50 31 
400 0.67 48.1 
800 0.33 24.4 
(Chin and 
Law, 
2010) 
  
Continuous 0 - 28.40C 
11.5%db 
Ganoderma 
tsugae 
60 0.67  40 
60 0.80 43 
120 0.33 13 
Continuous  0 - 40.60C 
8%db 
60 0.67 52 
60 0.80 52 
120 0.33 21 
Pan et al. (1998) studied continuous and intermittent drying of squash slice at 1000C 170 
in a vibrated fluidized bed dryer. They found that after 95 mins of continuous drying 171 
moisture content was reduced to 14.75% (wb). On the other hand, if the squash slices 172 
were tempered in ambient air after 40 minutes of drying, it took only 60 mins of 173 
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effective drying time to reach the same moisture content. Thus effective drying time was 174 
reduced by 35 minutes in the intermittent drying. Overall, the results presented in Table 175 
1 demonstrats that significant energy savings and effective drying time reduction can be 176 
achieved by applying intermittency. This is because intermittency allows necessary time 177 
to accumulate moisture in the surface to be removed, which causes subsequent increase 178 
in drying rate.  179 
Another great advantage of intermittent drying is the moisture levelling or moisture 180 
uniformity in the samples. Experimental investigation of Olive cake drying has shown 181 
that, providing longer tempering period resulted in more moisture levelling, higher 182 
initial moisture removal in each active drying period, and the most effective energy 183 
utilization as a consequence (Jumah et al., 2007).  184 
Instead of applying intermittency throughout the drying period, only one or two 185 
tempering periods have also been investigated. Very recently, Holowaty et al. (2012)  186 
determined the reduction in energy consumption during drying of yerba mate branches 187 
when one or two tempering periods were applied. Their results showed that drying 188 
with one and two tempering periods can save drying time of 15 minutes and 30 minutes 189 
respectively to achieve same moisture content. They reported an energy savings of 10% 190 
with the application of a tempering period of 15 min after 15 min of drying in their 191 
experiments. Although applying only one or two tempering period results lower energy 192 
savings compared to applying intermittency entire drying period, this strategy 193 
significantly decreases the total drying time which may be useful for some products.  194 
Cyclic or ramp variation of drying air temperature, humidity and heat input 195 
(microwave, infrared) have been investigated to improve energy efficiency. Cyclic 196 
variation of temperature and humidity for drying of kaolin sample was investigated by 197 
Kowalski and Pawlowski (2011b; 2011a). According to their study total energy 198 
consumption was 1.15kWh for variable temperature compared to 1.5kWh for the 199 
constant temperature drying condition. However in case of variable humidity, energy 200 
consumption was 3.30 kWh which was significantly higher as huge amount of energy 201 
was consumed by the dehumidifier. There are some theoretical studies in food drying 202 
with cyclic variation of temperatrure (Chua et al., 2002a; Ho et al., 2002). They 203 
presented intermittent drying models and quality changes in dried products but have 204 
not investigated the energy or drying time savings by applying those intermittencies. 205 
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Moreover, the drying air temperature was different for various intermittency tests. 206 
Therefore, proper comparison of energy savings for those studies was not possible.  207 
Intermittency controlled by other criteria in drying was also investigated in some 208 
optimization studies.  The optimization of intermittent drying was studied by Váquiro et 209 
al. (2009), where enthalpy gain was taken as objective function. They found that in the 210 
optimized conditions, effective drying time was reduced by 11%  as compared to 211 
continuous drying. Intermittency controlled by surface temperature is another option to 212 
avoid unwanted quality degradation in products. Gunasekaran and Yang (2007) used 213 
intermittent microwave power controlled by the surface temperature of the product in 214 
the optimization study of mashed potato drying. Microwave power source was turned 215 
off when the product temperature reached a set value. This technique could be helpful 216 
for avoiding charring or heat damage to the product.    217 
In the above review, it has been demonstrated that energy savings can be  increased 218 
by increasing the intermittency in on/off strategy of intermittency. But higher 219 
intermittency lengthens the total drying time and therefore intermittency needs to be 220 
optimized. Although all the above studies reported higher energy efficiency in 221 
intermittent drying, it is difficult to make an exact comparison of energy savings for all 222 
these studies as different drying conditions and dryers were used with various 223 
intermittencies. For better comparison, the investigations should be done at same 224 
drying condition for different intermittencies. Then it would be possible to identify 225 
which intermittency is better compared to others. Although the effective drying time in 226 
intermittent drying is considerably reduced, the total drying time is, however, 227 
prolonged for each process. Higher energy efficiency and product quality improvement 228 
generally trade off this extended drying time. Optimization of intermittency is necessary  229 
to reduce total drying time, improve energy efficiency and product quality.  230 
4. Quality aspects in intermittent drying 231 
Quality changes in food product  is inevitable during the drying process. During the 232 
past decade, many advances in drying technologies have been practiced with the goal of 233 
minimizing degradation of various quality attributes of dried food products. 234 
Intermittent drying is considered one of the effective methods to achieve that objective. 235 
Many theoretical and experimental investigations have been done to improve different 236 
quality attributes by applying intermittent drying. This section reviews studies that 237 
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investigated the quality attributes in intermittent drying. Table 2 below lists such 238 
studies and presents a summary of quality attributes investigated in the literature for 239 
intermittent drying. It is apparent from the table that color is the most frequently 240 
investigated parameter in intermittent drying. The following sections provide detail 241 
analysis of the quality attributes investigated. 242 
Table 2 243 
Quality attributes investigated in intermittent drying 244 
Reference Quality attributes Material 
(Kowalski and Pawlowski, 
2011b; Kowalski and 
PawŁowski, 2011, 2011a) 
Cracking Wood and ceramics 
(Zhu et al., 2010) non-enzymatic browning Apple 
(Ramallo et al., 2010) Color, sugar and caffeine 
contents 
Yerba mate 
(Chin and Law, 2010) Color Ganoderma tsugae 
(Aquerreta et al., 2007) Fissuring Rice 
(Nishiyama et al., 2006) Sugar content Bananas 
(Ho et al., 2002) Ascorbic acid and color Banana and guava 
(Chua et al., 2002b) Color Banana and guava 
(Chua et al., 2001b) Color Banana 
(Chua et al., 2001a) Color Banana 
(Chua et al., 2000b) Color Banana, guava and 
potato 
(Chua et al., 2000a) Ascorbic acid (AA) Guava 
(Pan et al., 1998) Beta-carotene, appearance 
and rehydration  
Squash slices 
4.1. Nutritional Quality 245 
a) Ascorbic Acid and non-enzymatic browning 246 
Ascorbic acid (Vitamin C) is one of the main quality attributes of most fruits. It is 247 
generally observed that, if ascorbic acid is well retained, other components are also well 248 
retained. Hence, ascorbic acid can be taken as an index of the nutrient quality of foods 249 
(Marfil et al., 2008). High retention of ascorbic acid in dried products is highly desired. 250 
Recent investigations have examined the effects of intermittent drying on ascorbic acid 251 
degradation. Ho et al. (2002) investigated the improvement in ascorbic acid (AA) 252 
degradation in potato samples at different time varying drying condition. Table 3 shows 253 
the effect of time dependent temperature profile on AA and non-enzymatic browning 254 
compared to continuous drying.   For continuous  drying, air temperature was 350C and 255 
drying time was 240 minutes. It is evident from Table 3 that the reduction in AA loss is 256 
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more prominent in square wave variation with lower mean temperature. Square wave 257 
profile with mean temperatures 250C and 300C reduce the AA loss by 33% and 25% 258 
respectively.  259 
Table 3 260 
Effect of time dependent temperature profiles on AA content degradation and non-261 
enzymatic browning 262 
Drying profile 
Improvement in AA 
retention (%) 
Reduction in non-
enzymatic browning (%) 
Saw-tooth at 300C 7.5 34.2 
Sinusoidal at 300C 15.2 51.8 
Square wave at 250C 33.0 75.6 
Square wave at 300C 25.7 44.4 
 263 
Chou et al. (2000a) have experimentally investigated the effect of temperature 264 
variation in ascorbic acid of guava and have found that 20% improvement in ascorbic 265 
acid retention in guava pieces was obtained with proper selection of intermittent drying 266 
compared to those of dried under isothermal conditions. However, it is important to 267 
note that the extent of AA retention is highly product dependent. For example, for a 268 
product with higher AA content may result more improvement in AA retention by 269 
applying intermittent drying. Non-enzymatic browning was investigated for the same 270 
experimental condition by Ho et al (2002). Drying profiles also affect non-enzymatic 271 
browning similarly as AA. It can be observed from the Table 3 that after 240 minutes of 272 
drying of potato, percentage in ascorbic acid degradation and non-enzymatic browning 273 
could be minimized up to 33% and 75.6% respectively by implementing square wave 274 
intermittency at 250C instead of 350C constant drying condition.  275 
b) Beta carotene 276 
Beta carotene is another important nutrient for fruits, vegetable and grains. It is the 277 
main compound of diabetes medicament. Pan et al. (1998) studied the effect of 278 
intermittent drying on beta carotene degradation of squash slice. Their study showed 279 
that 87.2% of beta carotene in squash is preserved in intermittent drying while it was 280 
only 61.5% in conventional continuous drying. So, improvement of beta carotene 281 
retention is 41.78% which is much higher compared to ascorbic acid (33%) discussed 282 
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previously. They developed degradation kinetics and predicted beta carotene loss 283 
considering first order reaction kinetics. The predicted data agreed with the 284 
experimental data within ±10%. No other studies investigated beta carotene in 285 
intermittent drying. Therfore, more studies needs to be conducted to investigate this for 286 
other products. 287 
c) Sugar and caffeine content  288 
Sugar and caffeine content is important properties for many products such as yerba 289 
mate, coffea etc. Application of tempering in drying of Yerba mate, a very popular tea, 290 
was investigated by Ramallo et al. (2010). They found that, loss of caffeine content was 291 
10% in intermittent drying whereas it was about 30% in continuous drying (Schmalko 292 
et al., 2007). Conversely, sugar content was not influenced by tempering. Perhaps this is 293 
because caffeine content is more sensitive than sugar content when exposed to higher 294 
temperatures or temperature needs to be elevated at a certain level to remove the 295 
sugar. Some continuous drying studies also reported no changes in sugar concentration 296 
during drying (Borompichaichartkul et al., 2009; Correia et al., 2009). This is an 297 
interesting finding. However, further investigation is necessary to explore whether 298 
intermittent drying has any impact on suger content of food items.  299 
4.2. Color  300 
The color of food is one of the key factors behind consumers’ decision of buying a 301 
particular food. The color changes during intermittent drying was investigated for 302 
different food products such as, banana (Chua et al., 2001b), guava (Chua et al., 2002b; 303 
Ho et al., 2002), potato (Chua et al., 2000b), and Ganoderma tsugae (Chin and Law, 304 
2010). Effect of  drying methods (Chin and Law, 2010) and types of intermittency, for 305 
instance, step-up and step-down temperatures (Chua et al., 2001b); cosine and reverse 306 
cosine (Chua et al., 2000b) have been investigated. Total color changes (ΔE) can be 307 
measured by equation (1). 308 
                                                           (1) 309 
Where, L represents lightness, a represents redness or greenness while b represents 310 
blueness or yellowness values and Δ represents changes in each value.  311 
Various drying air conditions affect the color change differently. Chua et al. (2001b) 312 
studied stepwise varying drying condition on banana pieces in two stage heat pump 313 
drier and observed that time-varying drying air temperature in batch drying of banana 314 
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slices had a favorable impact on drying kinetics as well as the color of the dried 315 
products. They observed that color degradation was reduced by 40 % and 23% for step-316 
up and step-down mode of drying respectively in the temperature range between 200C 317 
and 350C. A significant difference in the overall color change of the banana samples 318 
dried under step-wise temperature variation when compared with samples under 319 
constant temperature drying was reported by  (Chua et al., 2002b). Both step-up and 320 
step-down temperature variation showed improvement in color changes compared to 321 
continuous drying. When a comparison was made between step-up and step-down air 322 
temperature profiles, the step-up profile was observed to be more effective in reducing 323 
net color degradation for both studies. Whereas  step-down profile is more effective 324 
than step-up when drying kinetics is considered.   325 
Effect of various temperature profiles on color parameters for different product was 326 
investigated by Chua et al. (2000b). Changes in lightness (ΔL) , redness (Δa) , yellowness 327 
(Δb) and overall color (ΔE) for banana, guava and potato was observed. From their 328 
observation, it is clear that  the changes of color components for various products does 329 
not follow a particular pattern. For instance, lightness (ΔL) changes significantly during 330 
drying of potato and guava. Whereas yellowness (Δb) was the major contributors in 331 
color change during drying of banana. However, they have shown that applying variable 332 
temperature drying condition reduced the color change of potato, guava and banana by 333 
87%, 75% and 67%, respectively. Potato sample was less susceptible to color change 334 
because of their low sugar and high moisture content relative to the banana and guava 335 
sample samples. Because of their reduced sugar content and high water content, the 336 
Maillard reaction was reduced as this reaction requires dehydration of sugar molecules. 337 
Their results are consistent with earlier research by Labuza et al. (1972) and Wolfrom 338 
et al. (1974) about color inhibition by increasing the water content.  339 
Color component and overall color change with different intermittency was reported 340 
by Chin and Law (2010). Table 4 represents color parameters and overall color of 341 
intermittent heat pump–dried Ganoderma tsugae for different intermittency strategies. 342 
Their experimental results showed that, intermittent heat pump drying of Ganoderma 343 
tsugae at 28.40C reduces the overall color change upto 40% for α=0.67 when compared 344 
to continuous heat pump dried products. The reduction of total color change is more 345 
prominent  for intermittent heat pump–dried product at a drying temperature of 40.60C, 346 
which is up to 54.17% at α=0.8. 347 
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Table 4 348 
Color parameters of intermittent heat pump–dried Ganoderma tsugae for different 349 
intermittencies  350 
Drying 
period 
Intermi-
ttency, α 
Color components (ΔE) Drying 
temp.  
L a b 
Continuous 0 17.07±1.41 4.51±0.10 36.80±0.9 15.54±3.10 28.40C 
 
60 0.67 18.12±0.28 6.03±0.67 34.19±5.91 9.30±4.80 
60 0.80 14.02±0.96 8.19±1.19 51.77±1.65 10.88±1.96 
120 0.33 19.75±0.66 5.54±0.74 25.83±0.47 12.72±0.49 
Continuous  0 16.56±1.03 4.53±0.83 27.80±1.63 27.32±1.78 40.60C 
 
60 0.67 15.97±1.64 3.97±1.01 29.73±5.13 24.18±5.83 
60 0.80 13.16±0.29 8.30±2.07 50.29±0.50 12.52±0.87 
120 0.33 17.09±1.24 3.96±0.94 21.57±1.54 25.18±5.02 
 351 
All the intermittent drying presented in Table 4 show improvement in color change. 352 
However, an appropriate intermittency and drying conditions should be chosen based 353 
on energy efficiency of the process and expected quality of the dried product. So there is 354 
an opportunity to introduce an optimization scheme between reduction in color change 355 
versus achieving higher drying rate. 356 
4.3. Physical changes 357 
Effect of intermittent drying on other physical changes like cracking (Kowalski and 358 
Pawlowski, 2011b; 2011, 2011a) and rehydration characteristics (Pan et al., 1998) have 359 
been investigated experimentally. Cracking is an important issue for wood and clay 360 
drying. Apart from visual inspection, the acoustic emission method was applied by 361 
Kowalski and PawŁowski (2011) to monitor the micro and macro cracks developed 362 
during drying of clay and wood samples. They concluded that changing drying condition 363 
at the right moment can avoid fracture and therefore good quality of product can be 364 
obtained. They compared the crack intensity under constant temperature, variable 365 
temperature and variable humidity conditions. They found that the best quality samples 366 
were obtained with variable humidity and lowest energy consumption was obtained 367 
with variable air temperature drying condition. However, humidity variation strategy 368 
consumes more energy because of the energy consumption by the dehumidifier.  369 
Therefore,   energy consumption must be considered carefully in choosing variable 370 
humidity drying  condition. Although the variable humidity drying condition gave better 371 
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quality kaolin samples, this process has not been tested for food product yet. Probably 372 
this will give better structural attributes for food but may increase the energy 373 
consumption of the process.   374 
Other physical characteristics, for example, rehydration ability of squash (Pan et al., 375 
1998) and fissuring of rice kernel (Aquerreta et al., 2007) have found to be improved by 376 
incorporating intermittent drying. The Rehydration ability of the product gained by 377 
intermittent drying is higher when compared to continues drying (Pan et al., 1998). 378 
Aquerreta et al.  (2007) showed that percentage of fissured kernels was drastically 379 
reduced when drying was performed in two or three steps compared to drying in one 380 
step. Thus the physical properties of a product can be improved by intermittent drying. 381 
However, the authors of these studies did not properly explain the mechanism of how 382 
physical properties were improved in intermittent drying. These improvements, 383 
possibly can be attributed to the temperature and moisture redistribution during 384 
tempering period. Because tempering helps to reduce temperature and moisture 385 
gradient and thus the internal stresses.  There is enormous opportunity to investigate 386 
the effect of intermittency to other important physical properties such as, texture, 387 
structure for different food product.   388 
5. Modelling of intermittent drying  389 
Modelling is necessary for evaluating the effect of process parameters and optimizing 390 
drying process (Kumar et al., 2012a). The dehydration of foodstuffs is a very complex 391 
process because of its complexity in internal structure and behaviour during drying. 392 
Complexity further increases if any form of intermittency is introduced. Therefore, it is 393 
very difficult to represent the exact conditions mathematically during drying. Some 394 
assumptions are obvious to develop mathematical models. Developing a reasonably 395 
good drying model for agricultural products is a challenging task. Although modelling 396 
with time varying drying air condition is challenging (Putranto et al., 2011), several 397 
drying models have been proposed to describe the intermittent drying (Baini and 398 
Langrish, 2007; Chou et al., 2000; Chua et al., 2003; Ho et al., 2002; Jumah and 399 
Mujumdar, 2005; Jurnah et al., 1996; Nishiyama et al., 2006).  These models can be 400 
categories as empirical and fundamental models.   401 
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5.1. Empirical models 402 
Empirical models are simpler to apply and often used to describe the drying curve. 403 
These models are generally derived from Newton’s law of cooling and Fick’s law of 404 
diffusions (Erbay and Icier, 2010). List of the empirical models used to describe drying 405 
kinetics can be found in Sutar et. al. (2011)  and Baini et. al.(2007). The page model 406 
(Page, 1949) is most commonly used in drying and described by the following equation 407 
(Eq. (2))  408 
MR=exp(-ktn)      (2)  409 
where, MR is the moisture ratio defined as    
     
     
, and Mt is the moisture content 410 
at time t, Me is equilibrium moisture content and M0 is initial moisture content and n is 411 
model constants (dimensionless) and k is the drying constants (s-1). Page model was 412 
employed by Holowaty et al.(2012), Ramallo et al. (2010) and Zhu et al.(2010) to 413 
predict moisture variation during intermittent drying. Holowaty et al.(2012) and 414 
Ramallo et al. (2010) observed that, the process conditions did not affect the  values of 415 
‘n’ whereas values of ‘k’ increase with drying temperature. Zhu et al. (2010) regressed 416 
the empirical coefficients (k and n) of page model with processing variables (slice 417 
thinkness and surface temperature). Their model demonstrated good predictability 418 
with a strong correlation between predicted and experimental values. 419 
Intermittent drying is highly nonlinear, strongly interactive, multivariable and time 420 
varying process (Jumah and Mujumdar, 2005). Hence the traditional empirical models  421 
cannot accurately predict the moisture content during the tempering period (Baini and 422 
Langrish, 2007). In that case, artificial neural network (ANN) based model can be used 423 
to simulate intermittent drying. Artificial neural network and Fuzzy Interface System 424 
(FIS) are proved to be more efficient to model complex and ill-defined process like 425 
drying (Jumah and Mujumdar, 2005).  Jumah and Mujumdar (2005) developed hybrid 426 
neuro-fuzzy system called adaptive-network-based fuzzy inference system (ANFIS) for 427 
intermittent drying. The results of their study suggest that an adaptive neuro-fuzzy 428 
approach is perfectly suitable for intermittent drying operations. Moreover, ANN model 429 
can learn from the successive experiments and in this way user can improve the model 430 
(Chen et al., 2001). However, all the empirical models are only applicable in the range of 431 
experimental parameters. In addition they are not able to capture the physics during 432 
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drying. In contrast to empirical model, the fundamental models can capture the physics 433 
during drying well (Chou et al., 2000; Chua et al., 2003; Ho et al., 2002). 434 
5.2. Fundamental models 435 
Fundamental mathematical modelling is acceptable for a wide range of application 436 
and optimization (Kumar et al., 2012b). Developing a fundamental intermittent drying 437 
model is difficult because the parameters needed to model are different from that of 438 
continuous drying. Despite this difficulty, many researchers developed intermittent 439 
drying model based on some assumptions. For clearer understanding, discussions on 440 
fundamental mathematical models for intermittent drying are divided into two parts (1) 441 
single phase (moisture) model and (2) double phase (moisture and vapor) model.  442 
Single phase model:  Nishiyama et al. (2006) developed moisture transfer model for 443 
intermittent drying. They  considered  mass transfer coefficient and drying constant   for 444 
tempering period as equivalent to the value that obtained from continuous drying at 445 
corresponding temperature. They also assumed that there was no mass transfer at the 446 
surrounding during tempering period. But in reality there would be some mass transfer 447 
to the air during tempering period.  Kowalski and Pawłowski (2010) incorporated 448 
intermittency in their model while calculating the partial pressure. In their model, 449 
partial pressure is considered as a function of drying air temperature and tempering 450 
temperature for continuous and intermittent drying respectively. Change in relative 451 
humidity due to change in drying air temperature was also taken into account in their 452 
model. Time varying drying air temperature or humidity can also be  incorporated 453 
during calculation of equilibrium activation energy calculation (Putranto et al., 2011). 454 
Putranto et al. (2011)  implemented Reaction Engineering Approach (REA) to model 455 
intermittent drying under time-varying drying air temperature and humidity. The REA 456 
is an application of chemical reaction engineering principles to model drying kinetics 457 
(Chen, 2008). They validated their model by comparing drying kinetics investigated by 458 
Kowalski and Pawlowski (2010) as shown in Figure 2 and Figure 3. Both models 459 
showed good agreement with experimental results. Recently COMSOL Multiphysics, an 460 
engineering modelling and simulation software, is being used to model real world 461 
problems. Váquiro et al. (2009) modelled  intermittent drying of mango and optimized 462 
taking enthalpy as objective function using Comsol Multiphysics.  463 
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 464 
Fig. 2. Moisture content profile of intermittent drying for periodically 465 
changed drying air temperature between 65 and 430C (Kowalski and Pawłowski, 2010) 466 
 467 
Fig. 3. Temperature profile of intermittent drying for periodically changed 468 
drying air temperature between 65 and 430C (Kowalski and Pawłowski, 2010) 469 
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Double phase model: Both liquid and vapor phases were considered in several models 470 
developed by Ho et al. (2002) ,Chua et al. (2002, 2002a) and Chou et al.(2000) for 471 
intermittent drying. Liquid and vapor flux was modelled considering Darcy’s law and 472 
Fick’s law respectively. The intermittency was incorporated considering temperature 473 
dependent properties in their model.  474 
However, shrinkage has not been considered in those models discussed above. Ratti 475 
and Mujumdar (1993) developed mathematical model of shrinking hygroscopic porous 476 
material drying for  time varying drying condition. The detail equation and expression 477 
can be found at (Ratti, 1991).  The important assumptions in that model included one 478 
dimensional heat and mass transfer and shrinking food material. The shrinkage 479 
parameter (area/volume) was obtained through some empirical correlation as 480 
described by Ratti (1991).  481 
However, most of the available mathematical models for intermittent drying may not 482 
represent the actual phenomena as mass transfer during tempering period is neglected 483 
in these studies. Moreover, the temperature and moisture redistribution during 484 
tempering period have been overlooked. Therefore, more rigorous and coupled heat 485 
and mass transfer model has to be developed for intermittent drying. Since it is difficult 486 
to measure the moisture and temperature distribution inside the food experimentally, 487 
the models should be able to predict the temperature and moisture distribution inside 488 
the material. Temperature and moisture redistribution take place during intermittent 489 
drying, which contribute to improvement in energy efficiency and product quality. The 490 
highest level of energy efficiency and product quality could be achieved if the model 491 
could recommend an appropriate intermittency based on temperature and moisture 492 
redistribution. The model should be simple, accurate and robust and should be able to 493 
capture the physics and require shorter computational time. That will help to improve 494 
the understanding of the underlying mechanism and develop better strategies for the 495 
control of intermittent drying process.  496 
6. Intermittent application of different energy sources 497 
In recent years new technologies in drying have been introduced. Combination of 498 
convective drying with intermittent application of ultrasound, infrared,  and microwave 499 
have been investigated by some researchers.   500 
 19 
6.1. Intermittent application of ultrasound and infrared heating 501 
Schössler et al. (2012) studied the effect of ultrasound on the mass transfer and the 502 
moisture removal from red bell pepper and apple cubes and evaluated the potential of  503 
reducing the energy consumption in ultrasound assisted convective drying. They 504 
showed that ultrasound treatment resulted in improved drying characteristics of both 505 
products. A comparison between continuous and intermittent ultrasound application 506 
showed that intermittent application of ultrasound reduces the net sonication time by 507 
50% in apple drying. The successful application of intermittent ultrasound is an 508 
important development for minimizing the energy consumption in drying. Their study 509 
can be considered as the basis for a successful integration of ultrasound-assisted 510 
processes for industrial drying of food products. Further investigation should be 511 
conducted to minimize energy consumption and improve product quality of the 512 
ultrasonic system. Zhu et al (2010) investigated dehydration characteristics of apple 513 
slice exposed to simultaneous infrared dry-blanching and dehydration (SIRDBD) with 514 
intermittent heating. The technology utilizes catalytic infrared (CIR) energy and can be 515 
operated in both continuous and intermittent heating modes. They observe that 516 
intermittent heating mode can reduce color degradation whereas continuous heating 517 
cause severe color degradation (Zhu and Pan, 2009). 518 
6.2.  Intermittent microwave assisted convective drying (IMWC) 519 
Intermittent application of microwave with other drying methods can significantly 520 
improve the diffusion rate by creating internal heat generation inside the food material. 521 
Microwave penetrates the material until moisture is located and heats up the material 522 
volumetrically by dipolar rotation of water molecule and thus facilitates the higher 523 
diffusion rate and pressure gradient to drive off the moisture from inside the material 524 
(Turner and Jolly, 1991). Thus application of microwave can significantly reduce the 525 
drying time supplying sufficient moisture to the surface and reduce the tempering time 526 
thus reducing energy consumption. The advantages of intermittent microwave 527 
convective drying in terms of energy efficiency and dried product quality have been 528 
reported in few studies. For instance, Soysal et al.(2009a) reported that intermittent 529 
microwave-convective drying of red pepper produced better sensory attributes, 530 
appearance,color, texture and overall liking, than continuous microwave-convective 531 
drying and commercial drying.  532 
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Soysal et al.(2009b) investigated intermittent microwave-convective air drying 533 
(IMWC) and the results were compared to continuous microwave-convective  air drying 534 
(CMWC) and continuous convective air drying for oregano. They observed that IMWC is 535 
4.7-11.2 times more energy efficient compared to convective drying. The drying time of 536 
the convective air drying was about 4.7-17.3 and 12.7-14.0 times longer when 537 
compared with the IMWC and CMWC respectively. They concluded that IMWC at 250C 538 
room temperature with the pulse ratio of 5.0 (15s on 60s off) was judged as the most 539 
suitable drying method for oregano in terms of essential oil content and quality. Ahrné 540 
et al. (2007) compared microwave drying under constant and variable microwave 541 
power for banana as a heat sensitive food product and reported drying at variable 542 
microwave power as more suitable drying process. They also mentioned that variable 543 
microwave can reduce charring of the product. Variable power programs for microwave 544 
assisted air drying of osmotically treated pineapple were studied by Botha et al. (2012). 545 
They reported that the use of variable microwave power combined with low air 546 
temperatures can result in a fast drying process without significant charring of 547 
pineapple pieces. Table 6 presents recent research studies on intermittent application 548 
of microwave drying for different food materials and investigated quality attributes. 549 
Table 6 550 
Recent studies on intermittent microwave convective drying of food materials  551 
 552 
Although all these studies demonstrate quality improvement in intermittent 553 
microwave application, there is still lack of theoretical studies. Appropriate theoretical 554 
model to describe temperature and moisture distribution and the heat and mass 555 
Reference Material Quality attributes 
investigated 
(Esturk, 2012; Esturk et al., 2011) Sage (Salvia officinalis) Color and oil content 
(Botha et al., 2012) Pineapple Charring 
(Esturk and Soysal, 2010) Dill (Anethum 
graveolens L.) 
Color and sensory 
quality 
(Soysal et al., 2009b) Oregano Color, oil contents 
(Soysal et al., 2009a) Red pepper Color and texture 
(Ahrné et al., 2007) Bananas (Cavendish 
variety) 
Charring 
(Orsat et al., 2007) Carrots, mushrooms Rehydration Ratio 
(Gunasekaran and Yang, 2007) Mashed potato N/A 
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transfer process during intermittent microwave convective drying has to be developed 556 
for better strategy for applying this intermittency. 557 
7. Discussion 558 
Energy efficiency of the process and quality of the product are two major concerns in 559 
food drying. Both of them are positively influenced by intermittent drying.  Appropriate 560 
drying scheme would lead to improved quality of the product and energy efficiency of 561 
the process. A particular intermittent drying scheme could be more appropriate for a 562 
specific product in order to minimize the effective drying time depending on the heat 563 
and transfer characteristics of the product Combination of different intermittency 564 
strategies, for example, square wave in the first half of drying and step down in the later 565 
half, have not been investigated yet. This type of study could further increase in energy 566 
efficiency and product quality in intermittent drying. Modelling and simulation study 567 
can help to choose better intermittency shceme for intermittent drying. Heat and mass 568 
transfer characteristics can only be investigated by appropriate theoretical models. 569 
However, there is a lack of rigorous mathematical model for intermittent drying. 570 
Various quality attributes are investigated in intermittent drying and it is found that, 571 
negligible degradation of quality attributes could be achieved by strategic application of 572 
intermittency. Intermittent microwave convective drying is an attractive option of 573 
intermittent drying as both total drying time and effective drying time can be reduced in 574 
this drying method. This drying method achieves better energy efficiency and quality 575 
improvement. However, much uncertainty still exists about the relations among 576 
different power level, power ratio, and initiation time of microwave heating on food 577 
quality and energy efficiency.  578 
8. Conclusion 579 
     In this paper a review on energy efficiency, quality improvement and modelling 580 
aspect of intermittent drying is presented. An analysis on up to date research on 581 
intermittent ultrasound, infrared and microwave assisted convective drying is also 582 
presented. Improvement in energy efficiency and product quality for different 583 
intermittecy are compared and discussed. The main difficulty in making an accurate 584 
comparison is that the drying conditions of these studies are quite different. Therefor, it 585 
is essential that investigations should be done at same drying conditions to make a 586 
general comparison of energy efficiency and product quality for all intermittecy 587 
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strategies. Since, previous studies were done at different drying conditions for different 588 
intermittency, a general comparison was not possible in this review. This review paper 589 
conclusively demonstrates that, intermittent drying is an effective method for 590 
improving the drying kinetics, enhancing product quality and reducing energy 591 
consumption per unit mass of moisture removed. However because of the complexity of 592 
food material and conjugate heat and mass transfer involvement during drying and 593 
tempering period, present understanding about intermittent drying process may not be 594 
sufficient. There is still lacking of in-depth understanding of moisture and temperature 595 
evolution during the whole period of intermittent drying. Suitable modelling and 596 
intensive research is required for better understanding of the process. Intermittent 597 
application of microwave is an attractive alternative approach, which can significantly 598 
reduce total drying time and improve product quality. But investigation of this drying 599 
method is not being exhausted yet. More experimental and theoretical study on 600 
intermittent convective drying and intermittent  microwave assisted drying is necessary  601 
to establish a better strategy of applying those methods for better energy efficiency and 602 
quality.  603 
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